The Al layer with α-Al 2 O 3 seed crystals and the rare earth element Y were deposited directly onto a 316L stainless steel substrate and then oxidized at a temperature as low as 580°C using the double glow plasma technique. The complex Al target material containing 10 wt% α-Al 2 O 3 seed crystals and 10 wt% Y was used in the experiment. The results indicated that the coatings were very dense and uniform. The field emission transmission electron microscopy observation indicated that element Y was discontinuously distributed, which was mainly concentrated at the grain boundary of the coating. After plasma oxidation, Y was oxidized to Y 2 O 3 . Under the action of coupled multiple factors (ion bombardment, α-Al 2 O 3 seed crystals, and rare earth element Y), the AlYα oxide coatings contained large amounts of α-Al 2 O 3 crystals. The increase of the Y content improved the adhesive force of the coatings. The corrosion current of the oxide coatings was reduced by three orders of magnitude.
Introduction
Al 2 O 3 is still one of the most important coating materials used in a wide range of applications even if it is very thin owing to its excellent mechanical properties and other physical properties and its capacity to improve the tritium protection behavior of steel [1] [2] [3] [4] . Al 2 O 3 has several metastable polymorphs, such as γ-phase, θ-phase, κ-phase, δ-phase, etc. The α-Al 2 O 3 is the only thermodynamically stable phase and thus preferably used for the wear resistance and protective coatings. Al 2 O 3 coatings are traditionally produced by chemical vapor deposition (CVD), physical vapor deposition (PVD), pulsed laser deposition, and magnetron sputtering [5] [6] [7] . However, the high temperature for α-phase Al 2 O 3 synthesis with 1000°C for CVD and more than 700 for PVD limits the choice of substrate materials owing to the degradation of the properties of substrate materials [8, 9] , thermal cracks, and coarser grain sizes in the coatings. Consequently, in recent decades, many studies have been conducted to find ways of low-temperature α-Al 2 O 3 growth [10] [11] [12] .
The utilization of the catalytic effect rare earth element Y can promote the growth of α-Al 2 O 3 and improve the spalling resistance of the Al 2 O 3 coating. The overall influence of yttrium incorporation on the phase transformation of unstable Al 2 O 3 into stable α-Al 2 O 3 can account for the provision of heterogenous nucleation sites and the hamper of the grain growth of unstable Al 2 O 3 during the oxidation of alumina formers. The effect of Y on the θ-phase to α-phase transition seems to be concentration dependent: the addition of a small amount of Y resulted in an acceleration of the metastable θ-to α-phase transformation, whereas a delay of the α-Al 2 O 3 phase formation was observed for large amounts [13, 14] . Meanwhile, the radius of the Y is bigger, which can eliminate the lattice vacancies formed at the interface of the alloy/oxide coatings and improve the adhesion strength and density of the coatings. According to Kuntal and Anjan's [15] 1.968 formed at or near the intergranular region. A similar result was also reported by Xu et al. [16] . In terms of improvement in fracture toughness of an advanced rare earth Y reinforced Al 2 O 3 /(W, Ti)C ceramic composite material, the formation of the complex rare earth compounds increased the binding strength of the interfaces. Zhang proved that the cyclic oxidation and hot corrosion behavior of the chromizing coatings were increased owing to the fact that the Y 2 O 3 particles significantly retarded the grain growth of the chromizing coating [17] .
Considering the results previously reported by our group [18] , the α-Al 2 O 3 seed crystals could induce the formation of α-Al 2 O 3 coatings in the double glow plasma discharge process. In this work, the rare earth element Y and the α-Al 2 O 3 seed crystals were brought into the sputtering target to prepare Al/Y/α-Al 2 O 3 (AlYα) coatings. Then the AlYα coatings were oxidized at a temperature as low as 580°C. Finally, the role of the rare earth element Y in the alumina formation process and the mechanical properties of the coatings were intensively investigated.
Materials and methods
The experiments were conducted using the double glow plasma apparatus (Wuhan, China). Detailed description of the apparatus can be found elsewhere [18] . The 316L stainless steel (Nanjing, China) sample (10 × 10 × 5 mm) was machined, ground, polished, and ultrasonically cleaned in acetone and dried in air. The complex target (10 wt% Y, 10 wt% α-Al 2 O 3 , and 80 wt% Al) was prepared by using powder metallurgy technology, along with vacuum hot pressing sintering technique. The glow discharge was created by DC power between the source electrode and the anode, as well as between the sample and the anode. One glow discharge heated the substrate material to promote the diffusion of alloying elements, and the second glow discharge bombarded the source electrode material to produce desired elements.
The glow discharge sputtering conditions were as follows: base vacuum, 2 × 10 -4 Pa; source electrode voltage, -700 V; substrate voltage, -300 V; working pressure (Ar gas), 30 Pa; average distance between the substrate and the target, 15 mm; and deposition time, 3 h. After the deposition, oxidation was conducted in a double cathode mode. The flow rates of argon and oxygen were kept at 40 and 2 sccm, respectively. The voltages set for the source and workpiece electrodes were -700 and -350 V, respectively, to maintain the desired temperature of 580°C. The working pressure was at 40 Pa, and the oxidation time was 1 h.
The phase composition and morphology of the coatings before and after oxidation were analyzed, respectively, by means of glancing-angle X-ray diffraction (GAXRD; UltimaIV, Rigaku Company, Woodlands, TX, USA; CuKα radiation), field emission scanning electron microscopy (Quanta FEG 250, FEI Company, Hillsboro, OR, USA) equipped with energy-dispersive X-ray spectroscopy (EDX), and field emission transmission electron microscopy (FETEM, TECNAI G 2 S-TWIN, Hillsboro, OR, USA). The bonding force between coatings and substrates was identified by scratch adhesion test (WS-2005, CSEM, Beijing, China). The electrochemical corrosion behaviors of oxidized coatings were characterized by potentiodynamic polarization and electrochemical impedance spectroscopy, which were conducted on a CHI660d electrochemical analyzer (Shanghai, China), in 3.5% NaCl solution. A conventional three-electrode electrochemical cell was used, with saturated calomel electrode as the reference electrode, platinum sheet as the counter electrode, and test specimen as the working electrode.
Results and discussion

Microstructure and composition of the AlYα coatings
As seen in Figure 1A and B, the surface structures of the coating were uniform and compact without pores or cracks. The interface between the coating and the matrix was clear without significant stratification. The EDX points were used to analyze the different sites of the coating section, as shown in Table 1 . It was known from the FeAl phase diagram that the main elements in the coating exhibited a gradient distribution [19] . The quantitative Al diffused onto the surface of the backing material, thus producing a gradient concentration containing Al. The FeAl 3 compound might form on the coating surface. The Fe 2 Al 5 compound might form in the interlayer, whereas the FeAl phase formed at the juncture of the coating and matrix. The presence of the transition layer (FeAl phase) allowed for a securer combination between the coating and the matrix and offset a series of phenomena such as exfoliation as a result of thermal expansion coefficient during the subsequent oxidization between the matrix and the coating [20] . In addition, the content of element Y was not high (2.53%, 2.36%, and 1.82%) at the three EDX points, which did not coincide with the proportion of Al and Y elements in the target material. In light of the irregular distribution curve for element Y during line scanning, the low content of Y in the coating may be due to the fact that the sputtering rate of the rare earth Y is lower than that of the metal Al, and the composite target material sputters much fewer Y particles after ionic bombardment. In addition, as Y 3+ has a larger ionic radius (0.093 nm) than Al 3+ (0.05 nm), the diffusion of Y in the coating is restricted and the diffusion and migration (Al, Y, α-Al 2 O 3 ) were sputtered from the target material onto the surface of workpieces. Meanwhile, the argon ions heated the stainless steel matrix to a high temperature by bombardment. The argon ion bombardment caused several defects within the matrix and coating, thus allowing for mutual diffusion of the alloy elements sputtered onto the matrix surface and the elements within the matrix. Meanwhile, the elements of Al and Fe were liable to form iron-aluminum intermetallic compounds as a result of their very strong chemical affinity. With continuous mutual diffusion, a large number of Fe within the matrix migrated onto the surface and left many vacancies. The increasing Al would diffuse to these internal vacancies, thus generating the Fe 2 Al 5 and the FeAl phases with a low content of aluminum. Therefore, the intermetallic compound layer grew toward either side of the matrix, enabling the coating thickness to increase. As seen in Figure 1C , in addition to the FeAl phase, a small amount of α-Al 2 O 3 was also present in the coating. This was due to the fact that some atomic groups or particle groups consisting of a few atoms might sputter from the source electrode material as a result of the very high energy of the argon ion bombardment. However, there was no diffraction peak containing rare earth Y alloys or Y chemical compounds in Figure 1C . energy is high [21] . Meanwhile, the entry of Y 3+ ions into the coating will cause considerable lattice distortion and produce great activation energy. Y 3+ ions are more likely to spontaneously aggregate at the grain boundaries and defects to reduce the free energy of the system by producing segregation because of the loose arrangement of the atoms at the grain boundaries and the presence of many electron holes [22] . Therefore, the Y atoms are distributed irregularly.
The GAXRD pattern for the AlYα coating in Figure 1C 
Microstructure and composition of the AlYα oxidization coatings
As seen in Figure 2A , the coating surface became more compact and exhibited an island-shaped raised structure during oxidation at an oxygen flow rate of 2 sccm. The projection in Figure 2A was magnified, as indicated in Figure 2B , and the projection mainly comprised a large number of 100-200 nm fine particles. The EDX was used to analyze the raised point 1 and the flat surface point 2, as shown in Table 2 . The main elements were Al and O in both regions of the coating. A small amount of element Y was distributed at the raised site of the coating. These projections might be caused by the pinning effect of the Y particles [23] . Li et al. [24] have discovered that the addition of Y can inhibit the growth of nanometer crystal grains to some extent. The surface of the coating prepared was coarse, but the release of element Y can improve the mechanic performance of the coating and increase the binding force of the coating. The coating thickness was approximately 10.92 μm after oxidization ( Figure 2C ). As seen in Figure 2D , the oxide coating mainly included diffraction peaks of α- 
Distribution and induction mechanism of element Y in the coating
To verify the existence form and distribution of element Y, the coatings before and after oxidization were subject to a FETEM test, and the EDX in the FETEM was used to analyze the coating, as shown in Figure 3 . As seen in Figure 3A , there was a transition layer at the junction between the coating and the matrix. At the initial stage of sputtering, during the process of double glow plasma diffusion, metalizing, sputtering, heavy ion sputtering, and sedimentation occurred simultaneously at a low temperature, thus producing a transition layer at the junction between the matrix and the coating. The crystalline grains grew in a columnar manner because of a low sputtering temperature. As seen in Figure 3B and D, element Y really existed in the coating before and after oxidization. Meanwhile, the distribution of element Y was not continuous. On the basis of the amplification of the local region in Figure 3D , as shown in Figure 3E , and the EDX analysis, the white bright spots in the figure represented the Y 2 O 3 particles. It can be inferred that element Y was distributed at the grain boundary primarily in the form of fine Y 2 O 3 particles. Kuntal and Anjan [15] have discovered that the content of Y at the grain boundary (0.26 at%) is higher than that within the crystals 0.00 at%, and element Y is mainly concentrated at the grain boundary of the crystals in the Y element-adulterated Al 2 O 3 -ZrO 2 ceramic composite material. Previous research has discovered that the O ions diffused through short-circuit diffusion paths during the process of plasma oxidation. Meanwhile, element Y has a higher affinity for oxygen than element Al. Figure 4 presents the scratch curves for plasma oxide coatings doped with the α-Al 2 O 3 seed crystals alone and plasma oxide coatings co-doped with the α-Al 2 O 3 seed crystals and the rare earth element Y. As seen in Figure 4 , the binding forces of the coatings were more than 60 N, and their binding forces were good. The presence of the transition layer (FeAl layer) avoided spalling as a result of mismatching of the thermal expansion coefficients between the matrix and the coating material, thus raising the bonding strength between the coating and the matrix.
The binding force between Al 2 O 3 coatings and the substrate
Research has found that Y is able to promote the selective oxidation of the Al 2 O 3 coating and reduce the critical content of Al of the Al 2 O 3 coating formed by the alloy [25] . Meanwhile, the rare earth element Y or its oxide exists at the alloy interface, thus allowing the oxide coating to firmly bind to the alloy surface. The rare earth element is able to eliminate crystal lattice vacancies and impede the formation of vacancies at the alloy/oxide coating interface thus increasing the binding force as a result of its large diameter [26] . It can be seen from Figure 4 that the plasma oxide coating co-doped with multiple elements has a better binding force than the oxide coating doped with only one element. Figure 5 presents the polarization curve for the two oxide coatings and 316L stainless steel in the 3.5% NaCl solution. Table 3 presents the corrosion potential and corrosion current. The research group has obtained a corrosion potential of -0.291 V for the 60 wt% α-Al 2 O 3 coating by using a single factor (plasma bombardment) [27] . The research group has obtained higher corrosion potentials of -0.206 and -0.130 V for the oxide coating by using double factors (ion bombardment and α-Al 2 O 3 seed crystals) and three factors (ion bombardment, α-Al 2 O 3 seed crystals, and the rare earth element Y). The improvement in the corrosion resistance of the coatings may be attributable to the following three reasons. First, the content of α-Al 2 O 3 increased in the research, which helped increase the corrosion resistance of the matrix [28] . Second, the compact aluminum oxide coating consisting of numerous fine particles could serve as a barrier to impede diffusion of the corrosive media. Finally, the corrosion property of the AlYα oxide coating was better than that of the Alα oxide coating. The improvement in corrosion property may be due to the fact that α-Al 2 O 3 and Y 2 O 3 could serve as "physical barriers" in a corrosive environment to impede corrosion, or α-Al 2 O 3 and Y 2 O 3 particles and the stainless steel matrix could form many "corrosion microbatteries". The oxide particles served as the cathode, and the stainless steel matrix served as the anode, thus improving the corrosion resistance of the matrix. Meanwhile, the addition of the α-Al 2 O 3 seed crystals and the rare earth element Y fined the crystalline grains of the coating, thus improving the corrosion property of the oxide coating [29] . The minimum corrosion current of the AlYα oxide coating was 0.009 μA·cm -2 , three orders of magnitude lower than that of the 316L stainless steel matrix. The corrosion property of the coating could reflect the compactness of the coating to a great extent. Relevant parameters were calculated in accordance with the Tafel formula, as shown in Table 3 . It could be seen from the computational formula for the porosity that the porosities of the Alα oxide coating and the Alα oxide coating were 0.13% and 0.10%, respectively. It was thus clear that the prepared oxide coatings were very compact.
Corrosion property of oxide coatings
Conclusion
1. The coating prepared with the target material of AlYα has a uniform and compact surface structure and uniform thickness without any voids or cracks. The mutual 
